Abstract -A winter wheat (cv Soissons) crop was made N deficient during stem elongation. The effects of the N stress were quantified by measuring the nitrogen nutrition index (NNI) (used as reference), proteolytic activity in the leaves, the rate of carbon dioxide (CO 2 ) 
Nitrogen is often considered as the primary determinant of crop productivity [35] . Nitrogen stresses cause qualitative depreciation of crops [1] and affect plant growth by altering both leaf area and photosynthetic capacity [31] . Economic [12] , chlorophyll content [9] , plant N content [11, 19] and nitrate reductase activity [7, 36] . The nitrogen nutrition index (NNI) [18] can be used to detect N deficiency in a crop, but often only after the event. The capacity of the nitrate reductase activity to act as an early indicator of the N status of a crop is based on the fact that N uptake by roots could be one of the factors controlling nitrogen assimilation in plants [28] , since the flux coming from vacuoles or xylem regulates nitrate reduction [29] .
2) The plant status can be rapidly assessed using a chlorophyll meter for the leaves, and the status of the whole canopy can be assessed using multiband reflectance measurements. Remote sensing techniques such as field radiometric measurements provide a rapid estimate of the whole canopy characteristics (leaf area index, optical properties). These measurements and the derived vegetation indices can facilitate the data acquisition and the sampling for monitoring crop evolution [3, 4] .
This study was carried out during stem elongation of winter wheat to quantify the effects of N deficiency on plant physiological processes (photosynthesis, leaf area development) and, hence, to determine the physiological significance of NNI. We also assessed the effects of N deficiency on the geometrical structure and optical properties of winter wheat canopies and evaluated the value of these variables as early, sensitive and readily measurable indicators of N deficiency.
MATERIALS AND METHODS

Experimental conditions
Two field experiments were conducted in 1993 and 1995 on winter wheat grown in a loamy soil at Grignon, northern France (latitude 48°51' N; longitude 1°58' E). The pH of the soil was 7.7 and the organic matter content was 2.6 %. The preceding crop was maize, the residues of which were buried. The [37] . A total of 120 kg N ha -1 was applied to the plants before flowering. The N fertilization regime for the control treatment (T) was determined by the predictive balance sheet method for a target grain yield of 10 t ha -1 [27] . The histogram built from red and green channels. The output variables were the total leaf area, the green leaf area and the green fraction (%).
Radiometric data
Radiometric measurements were performed with a CIMEL field radiometer equiped with filters simulating SPOT spectral bands [13] . This radiometer has two heads: one measures the global irradiance in each band and the other the directional radiance of the canopy.
After calibration the radiometer gives directly the reflectance factor of the viewed target. The spectral bands of the radiometer are:
The radiometer was calibrated using a white panel painted with Nextel 3M white paint. These indices are widely used because they minimize the effects of irradiance and variations in soil optical properties [4] , and are related to biophysical canopy variables, especially to leaf area index (LAI).
Proteolytic activity
In 1993, the proteolytic activity of leaves from the four uppermost stages was determined for both N treatments. Fresh leaves were weighed and frozen in liquid N. Proteins were extracted by the method of Rao and Croy [25] . Plant tissue (1 g) was grounded in 8 mL 1 mM EDTA (Ethylene Diamine Tetra Acetate), 5 mM cysteine in 0.1 M potassium phosphate buffer (pH 7.4). The resulting suspension was centrifuged at 30 000 g for 20 min. Proteolytic activity was determined as described by Peterson and Huffaker [23] by incubating 0.2 mL of the supernatant and 0.3 mL azocaseine (previously heated at 100 °C for 2 min to prevent autohydrolysis) with 0.5 mL 0.1 M citrate-potassium-phosphate buffer (pH 5.6) at 40 °C for 2 h. The reaction was stopped by adding 2 mL perchloric acid (12 %) [14] and wheat [30] and root conductivity in sunflower [24] are less in Ndeficient plants than in controls. Under these conditions, lower transpiration rates would reduce the ionic concentration of the leaves, especially of nitrate and potassium ions, thereby favouring proteolytic degradation [33] . [6, 12, 34] . Sinclair [31] suggested that the availability of N is an important determi- [9] , and show that radiometric measurements can be used to detect N deficiency, as soon as the expansion of leaf area is affected. The equation of Fernandez et al. [8] (%N = a-bXS1-cXS2) did not fit our data satisfactorily (data not shown). We introduced the XS3 variable to take the structure of the canopy into account, because XS3 is known to be sensitive to cumulative leaf area. The XS3/XS2 ratio accounted mainly for the change in the cumulated leaf area. This ratio detected N deficiency very early (after 1 week). The change in optical properties affected the downmost leaves first (figure 3), which is assumed to have little influence on the radiometric signal.
As discussed by Baret [2] , the radiometric response of incomplete canopies is mostly affected by the contrast between the optical properties of the soil and the leaves. Baret et al. [5] Similarly, Baret et al. [5] showed that C ab LAI is strongly correlated with reflectance in sugar beet.
NNI is a widely used indicator of N status in crops [16, 17] . This index is necessary to verify the N nutrition conditions a posteriori. The figure 4A ). The N status of the crop was sub-optimal (NNI < 1) in all cases and these relationships describe the relevance of the physiological and radiative effects of the N stress of the crop. Plant N concentration determines not only the amount of CO 2 assimilation per unit leaf area [22, 32] , but is also closely correlated with the rate at which carbon is used for leaf expansion [10] and hence with the structure of the canopy. The onset of N deficiency, involving a progressive decrease in NNI from 1, is accompanied by a simultaneous decrease in relative CO 2 assimilation rate and in the relative XS3/XS2 ratio. In our experiments, CO figure 5 ). The photosynthetic function of leaves is determined by their chlorophyll concentration, the estimation of which by SPAD index is significantly correlated with the concentration of N in leaf tissue dry matter [26] . We found (figure 4A) that N deficiency resulted in a decrease in the chlorophyll concentration in lower leaves (especially leaves 4 and 5), whereas the upper leaves retained enough N for optimal photosynthetic function. This reflects the ability of plants to adapt to N-deficient conditions. Thus, simple and non-destructive leaf chlorophyll meter readings on the basal leaves would facilitate determination of the N status of plants in the field.
Wheat crops adapt well to split N fertilization. Assessment of the N status of the wheat crop by absorbance measurements of the leaves, using a chlorophyll meter or reflectance measurements of the canopy (radiometry) is practical and enables N fertilization to be adjusted to the soil N supply. However, as these results were obtained with only one cultivar of winter wheat grown at one experimental site, over two years, further studies are required to confirm them.
